This study demonstrates the application of reversible electrokinetic adsorption barrier (REKAB) technology to soils spiked with low-solubility pollutants. A permeable reactive barrier (PRB) of granular activated carbon (GAC) was placed between the anode and cathode of an electrokinetic (EK) soil remediation bench-scale setup with the aim of enhancing the removal of two low-solubility herbicides (atrazine and oxyfluorfen) using a surfactant solution (sodium dodecyl sulfate) as the flushing fluid. This innovative study focused on evaluating the interaction between the EK system and the GAC-PRB, attempting to obtain insights into the primary mechanisms involved. The obtained results highlighted the successful treatment of atrazine and oxyfluorfen in contaminated soils.
Introduction
Over the past decades, concerns about the application of herbicides have been increasing, particularly about their effects on the environment . Currently, the use of herbicides is very common in most agricultural regions of the world, providing great advantages related to improved crop production. Consequently, since the mid1940s, the industrial production of organic herbicides has continuously increased, and even now it continues to progressively increase. The negative environmental impact of herbicides is related to water and soil contamination, which has received a considerable amount of attention from the scientific community (Ribeiro et al., 2005; Grube et al., 2007; Gomes et al., 2012; Eason et al., 2013; Frische et al., 2013; Ryberg and Gilliom, 2015) . From an environmental perspective, a very interesting classification of herbicides is related to their solubility. Low-solubility herbicides are typically formulated as emulsions to favour their application. The transport properties of such herbicides when they become pollutants strongly depend on the matrices used in the commercial formulation. Among the low-solubility herbicides, there are two that are of particular interest and are the focus of this manuscript: oxyfluorfen and atrazine. Oxyfluorfen (2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl) benzene) is a diphenyl-ether herbicide that is used for broad spectrum pre-and post-emergent control of various annual broadleaf and grassy weeds (Mantzos et al., 2014) . This herbicide has low water solubility (0.1 mg / dm -3 at 22°C), low vapour pressure (0.026 mPa at 25°C), high Koc (log Koc = 3.46-4.13) and high Kow (log Kow = 4.86). Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) is characterized by a low biodegradability, long half-life, low vapour pressure (0.0385 mPa at 25ºC) and low solubility in water (33 mg dm -3 at 22°C) (Malpass et al., 2006; Oturan et al., 2012) , and because of its hazardousness, it was banned in the European Union, although it remains in use in many other countries around the world.
One of the worst types of events related to the pollution caused by these herbicides is associated with accidental leakage, which may become a major source of diffuse pollution. To prevent serious environmental problems under accidental discharges of these species, it is very important to take rapid actions against accidental discharges of hazardous species using efficient technologies that help to rapidly remediate the soil (Pazos et al., 2010) . Electrokinetic (EK) remediation integrated with permeable reactive barriers (PRBs) has been investigated by several authors in recent years (Palmer, 2001; Choi et al., 2007; Chung and Lee, 2007; Weng, 2009; Mena et al., 2015) , and this technology appears to be a very promising alternative. This technological approach was implemented primarily because EK also enables the use of PRB in low-permeability soils (Hayes and Marcus, 1997) . Thus, when a PRB is coupled with EK remediation, the flow of pollutants through the PRB is not provided by the transport driven by the hydraulic gradient of groundwater; rather, it is driven by the electro-osmotic flow of soil pore fluid, electromigration or electrophoresis (particularly in low-permeability soils) (Ferri et al., 2009; Wan et al., 2010; Li et al., 2011) . As the contaminated groundwater passes through the PRB, contaminants may be degraded or sequestered and clean groundwater exits the PRB. The reactive materials commonly considered include reductions using elemental metals, adsorption with porous high-surface-area materials, ion exchange with resinbased materials, biological degradation, limestone, çhydroxyapatite, active carbon and zeolites (Hayes and Marcus, 1997) . The use of inexpensive reactive materials as permeable barriers, such as granular activated carbon (GAC), should contribute towards improving the cost effectiveness of the combined treatment and increasing environmental sustainability (Huang et al., 2015) . Consequently, PRBs have been extensively proposed for the remediation of inorganic and organic pollutants in groundwater (Scherer et al., 2000; Wan et al., 2010; Li et al., 2011; Garcia et al., 2015) .
Regarding the use of EK-PRB with herbicides, a first experience in the application of the combination of EKSF with adsorption barriers was reported for the removal of trichlorophenol (not exactly a herbicide but highly related to these toxic pollutants from a chemical perspective) from spiked soils (Ruiz et al., 2014) , where its high efficiency and easy performance were demonstrated. Another interesting experience came from the use of biobarriers in the removal of diesel, where it was concluded that the application of polarity reversal allows for considerably better performance Mena et al., 2016a, b) . The advantages of reversible changes in polarity were also noted by many other authors (Cameselle and Reddy, 2013) . The reversible changes in polarity help to suppress acidification and basification of the contaminated soil in the close vicinity of the electrodes' surfaces and prevents the depletion of ionic species. This fact is of special relevance in combinations of EKSF with biological barriers because non-reversible processes lead to the exhaustion of nutrients in soil.
To date, no studies on the removal of atrazine and oxyfluorfen from soil by EK-PRB coupling have been reported. Consequently, the authors of the present work considered that it would be interesting to investigate the feasibility of coupling EKSF and GAC-PRB to remove atrazine and oxyfluorfen from low-permeability soil using an innovative process called reversible electrokinetic adsorption barrier (REKAB) technology. For the setting of this process, the previous experience of our group, gained in the development of easier technologies such as EK combined with non reversible adsorption permeable barriers and biobarriers has been used. In this context, this work aims to describe the removal of atrazine and oxyfluorfen from clay soils using electrokinetically assisted soil flushing (with sodium dodecyl sulfate (SDS) as the flushing solution) coupled with a PRB consisting of beds of GAC and to assess the influence of the electric field on the efficiency of this technology.
Materials and Methods

Chemicals
Kaolinite, provided by Manuel Riesgo Chemical Products (Madrid, Spain), was used as a model of clay soil (Mena et al., 2011) . Atrazine and oxyfluorfen (Sigma-Aldrich), were of analytical grade and used as received. HPLC-grade acetonitrile (Sigma-Aldrich, Spain) was used as the mobile phase in high-performance liquid chromatography (HPLC)
analyses. Hexane and ethyl acetate (Sigma-Aldrich, Spain) were used as solvents for the extraction of liquid and solid samples. Granular activated carbon (granule size of 1.25-3.15 nm) was purchased from Panreac (Spain). Graphite electrodes (100.0 cm 2 ) provided by Carbosystem (Madrid, Spain) were used as the electrode material.
Experimental procedure
The bench setup used in this work was constructed from transparent methacrylate and divided into seven compartments (Figure 1 )(Vieira dos . Because the carbon PRB areas were placed in an intermediate section of the installation, far away from the electrodes, it was necessary to use a surfactant to promote the transport of the atrazine and oxyfluorfen. A flushing fluid that consisted of a SDS surfactant solution (1000 mg dm -3 ) was used as the solubilizing agent. Because SDS is an anionic surfactant, the superficial charge of the atrazine-SDS or oxyfluorfen-SDS micelles is expected to be negative (Santos et al., 2015; dos Santos et al., 2016) , and consequently, they are expected to be transported from the cathodic zone towards the anodic compartment, with the atrazine and oxyfluorfen being adsorbed when passing through the carbon PRB. The polarity of the electric field applied between the electrodes was reversed once a day (value selected arbitrarily), and this periodic change will help to explain the zig-zag changes observed in the pH values of the electrolytes contained in the wells throughout the experiment.
The model soil was spiked with 960 mL of herbicide aqueous solutions (100 mg dm -3 )
until an initial pollutant concentration of 30 mg per kg of soil was obtained. In the case of atrazine and oxyfluorfen solutions, SDS was used as the solubilizing agent (1000 mg dm -3 ). The initial target moisture level of the soil was 30%. The polluted soil was manually compacted in an attempt to avoid the formation of heterogeneities in the soil, which may result in preferential paths for fluid transport. The levels of the anode wells were maintained using a level regulation loop. Water was pumped daily from the cathode well and electroosmotic flux (Jeo) was estimated by equation 1, where V is the volume of water recovered (cm 3 ), t is the time (d) and S is the section of the soil (cm 2 ).
Evaporation loss was estimated by mass balance.
Electrical current, temperature, pH, and pollutant concentration in the electrolyte compartments were monitored daily. Moreover, at the end of the experiments, an in-depth sectioned analysis of the complete soil section and of the PRB used were performed (see Figure 1b) . This helps to estimate the amount of pesticide transported by electromigration and electroosmosis, and retained in the PRB. The amount of pesticide transferred to atmosphere was estimated by mass balance.
Adsorption equilibria
To better understand the removal of atrazine and oxyfluorfen by REKAB, adsorption equilibrium isotherms (25°C) were obtained by conducting several batch tests using agitated vessels (0.25 L) with 0.1 L solutions of 100 mg L -1 atrazine and oxyfluorfen and increasing amounts (2 to 100 mg L -1 ) of activated carbon until equilibrium was reached.
A reaction time of 24 h (as established by preliminary kinetic tests) was used for subsequent equilibrium tests. After the specified time, the samples were filtered through 0.45 µm cellulose acetate syringe membrane filters and analysed by HPLC as discussed in Section 2.5. The solution pH was not adjusted to keep the equilibrium systems simple, limiting the effects of ions from acid or base addition, and because the impact of the solution pH on the uptake of atrazine or oxyfluorfen was considered to be insignificant.
Analytical techniques
Moisture measurements were performed gravimetrically by drying the soil samples in an oven for 24 h at 105°C. To determine the pH and conductivity of the soil samples, the standard method (E.P.A.-9045C, 1995) for saturated soil was used. The pH measurements were performed using a WTW inoLab pH meter. Conductivity was measured using a GLP 
Results and Discussion
In this work, to evaluate the performance of the REKAB process, two tests were conducted, one for each model herbicide tested (atrazine and oxyfluorfen). All operating conditions were maintained constant in the two tests. clearly indicating the robustness of the results obtained in this work. Note that the polarity of the electric field applied between the electrodes was reversed once a day (time span for the polarity reversal was arbitrarily selected), and this periodic change helps to explain the zig-zag changes observed in the pH values of the electrolytes contained in the wells throughout the experiment. Consequently, it also helps to demonstrate that no pH gradients were formed in the soil between the electrodes (because of the daily neutralization). Note that a buffer solution was not added to the electrolyte during the tests; the only strategy that was applied to regulate the pH was the daily reversal of the polarity. As shown in this figure, the pH in the anodic and cathodic wells does not tend
to extreme values as is the expected trend in EKSF processes; rather, it tends to more neutral values within the range of 7 to 11. Typically, a single EK process generates an acidic front in the anodic well and a basic front in the cathodic well as a consequence of (i) the production of protons (during water oxidation) and hydroxyl anions (during water reduction) in the anode and cathode wells, respectively, as shown in equations 2 (anode) and 3 (cathode), and (ii) the transport of H + and OH -ions by the electromigration phenomenon. Hence, polarity reversal contributes to better EK remediation performance by preventing the occurrence of extreme pH changes in regions of the soil close the electrode wells. This is a positive aspect because according to the literature, (Ribeiro et al., 2005; Wan et al., 2010; Li et al., 2011) 
Regarding the conductivity, a slight increase in both the anolyte and catholyte was observed during both REKAB tests, indicating that ions are removed from the soil and transported to the wells. This increase in conductivity is primarily due to the electromigration of ions towards the anodic and cathodic wells and due to the production of protons and hydroxyl ions during water oxidation and reduction, respectively. As a consequence of the first process, there is a decrease in the conductivity of the soil. The transport of the SDS added to favour the mobility of the herbicides is also expected to have an influence on the changes in the conductivity. Atrazine (full symbols) and oxyfluorfen (empty symbols).
To obtain more information about the performance of the REKAB process in the removal of low-solubility pollutants, Table 1 compares the main changes observed during the REKAB tests with those obtained in a previous study in which the removal of atrazine and oxyfluorfen using EKSF was evaluated (Vieira dos is occasionally considered for eliminating the obstruction of the PRB system caused by mineral precipitation or obstruction of active sites (Cameselle and Reddy, 2013) .
Regarding conductivity, during the two tests, significant changes were observed in the electrolyte contained in the wells. These changes are more important in the EKSF without polarity reversal than in the REKAB process, and they are consistent with the fluctuations observed in the soil in the EKSF, with higher axial dispersions in the proximity of the electrode wells. This behaviour can clearly be attributed to the transport of ionic species and the fluctuations in the pH values. Comparing the values obtained in REKAB with those obtained in EKSF, the conductivity value is higher in the process studied in this work. This higher value can be explained because in contrast to EKSF, the periodic reversal of the polarity prevents the washing up of ions contained in the soil. This is also observed by comparing the conductivity of the electrolytes contained in the wells, which is significantly higher in the case of EKSF. However, in this case, not only the transport of ions but also the more extreme changes in the pH should be taken into consideration. Regarding the moisture of the soil, no important differences were observed between the two processes, despite the large changes in the values of the flow rates, in which the difference (associated with evaporation) is higher for the REKAB approach. This observation was also noted with the conductivity. However, it was not the main removal mechanism sought with the REKAB process; rather, this process utilized the adsorption of the pollutant in the activated carbon bed placed in the soil column. The different adsorption capabilities of GAC towards atrazine and oxyfluorfen can be easily understood by examining the adsorption isotherms (Figure 6 ), which were estimated for the concentration range of interest by mixing solutions containing 100 mg dm -3 of herbicide and different amounts of activated carbon. As shown, the adsorption capacity of the activated carbon is not saturated for the concentration range tested, and the adsorption capacity of oxyfluorfen is higher than that of atrazine, which is consistent with the results obtained in the REKAB process. Likewise, it is confirmed that activated carbon is effective for the removal of both herbicides, despite their low solubility. behaviours for both pesticides were also observed during the application of the EKSF process, and it is very interesting to compare the profiles of pesticides in soil after the application of the two remediation technologies because it may help to understand the transport mechanism, and hence, it could be used to optimize the removal. In the case of the REKAB process, the herbicide concentration profiles after the tests are more similar, clearly indicating that a better removal of atrazine is achieved, which is in contrast to the better removal of oxyfluorfen observed in the case of EKSF. This behaviour can be explained by the more efficient adsorption indicated by the adsorption isotherms. experiments are in progress, and their results will be reported in detail in a separate paper in the near future.
Conclusions
From this work, the following conclusions can be drawn:
-REKAB is an efficient technology for the removal of non-polar herbicides from soils.
-The combination of EKSF with adsorption-PRB technology in short periods (15 days) appears to be an innovative alternative to depollute soils.
-There are important differences between REKAB and EKSF. The adsorption of pesticide onto activated carbon prevents evaporation.
-Atrazine and oxyfluorfen are efficiently transported in the combined REKAB technology by electromigration and electro-osmotic processes.
-Polarity reversal has a positive effect on regulating the pH and on preventing the washing up of the salts contained in the soil.
